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CHAPTER I 
INTRODUCTION 
Definitions of Terms 
~ ferroelectric mat~rial may be defined as one which shows both 
a spontane-ous electric polarization and hysteresis effec~s in the 
relation between dielectric displacement and electric field, Such 
anomalous behavior is normally observed within specific temperature 
regions, ~bove w~ich the materiai dJsplays a normal dielectric be-
havior and no longer pos~esses a spontaneous polarization , This upper 
temperature point has co~ to be called the Cur~e temperatqre (or Curie 
point) and above it; the material is said to be "pf!.raelectriq". The 
terms "ferroelectric'', "Curie point" and "paraelectric" originate from 
the similarity of \;>ehavior bet;ween ferroelectrics $nd f-err~etics 
and, although the p~ysioal causes of their behaviors are q.uite differ-r 
ent, they have been carried over from the study of ferromagnetics. 
Above the Curie point the paraelectric (or non-polar) phase obeys 
a Curie-Weiss law, 
E • ~ + 
o T "' T 
C 
0 
where C is the Curie constant and T0 the Curie-Weiss temperatureq Iq 
the vicinity of the Curie-Wei~s temperature the dielectric constant be-
comes very large. For a second order phase transition from the ferro-
electric (polar) phase to the non-polar phase, the Curie temperature (T) 
C 
and Curie-.Weiss temperatmre (T ) nearly coincide, but _for materic;lls which 
0 
undergo first order phase changes, T and T do not coincide. 0 C 
1 
2 
Within a ferroelectric material, alignment of the electric dipoles 
may extend over only a portion of the material, whiJe another region may 
possess dipoles aligned in some other direction. A region in which the 
spontaneous polarization is all in the same direction is said to be a 
domain. Different domains are separated by walls, and in the tetragonal 
ferroelectric perovskites such as barium titanate, these are generally 
referred to as 90° or 180° d<!>main w~lls. Basically, a 180° wall is one 
in which the pol~riz~tions on either side of the wall are antiparallel, 
and a 90° wall exists when the polarizations on either side are no~al 
to each other. In the latter case ·the positive end of on~ domain must 
be perpendicular to the negative end of the second domain, since there 
can be no ~harge existing on the domain wall itself, 
A typical ferroelectric hysteresis loop is .illustrated in Fi-g~ 1, 
At the origin, O, the domains are oriented so that the net polarization 
Figure 1. Ferroelectric Hysteresis Loop 
is zero. As the field is increased, the domains tend to align with the 
field until at portion ~Ball t he domains are alignep to form one single 
domain and a state of saturation exists. As the field is reduced to zero, 
some domains remain aligned in their previous direction and so the polar-
ization does not go to zero, Thus there exists a ~emanent poJarization 
indicated in the figure as OC. The linear portion AB of the eurve 
extrapolated back to the polarization axis represents the spontaneous 
polarization fs (OD) of the material. The value of the field required to 
reduce the polarization to zero is called the coercive· field E (OE). 
C 
In addition to t;he ferroelectric material$, there exists a groµp 
of materials in which neighboring dipoles are antiparallel. Such 
materials are said to be "antipolar" in compariso11 to those which are 
called "polar" where nei~hboring dipoles are parallel. A substance 
which exhibits such an antiparallel dipole array is said to be anti-
ferroelectric. A more fo:rmal definition of an antiferro~lectric 
material is "an antipolar material whose free energy is comparable to 
that of a polar material" (Jl). The problem of antiferroelectricity 
It 
has received g~neral treatment by Kan-zig (Kl) and Fors!;,ergh (Fl). 
Prior to the last decade, the most extensive investigations were 
done on three ferroelectric materials: Rochelle salt, potassium di~ 
htdrogen phosphate, and barium titanate. Recently many new ferroelec~ 
3 
tries and antiferroelectrics have been discovered. ~s Jona and Shirane 
(Jl) mention in their book , however, "our knowledge of the basic 
phenomenon has not been appreciably enhanced," 
Some of t;he tllore notable works in the Uteratur~ providing reviews 
of ferroelectric properties and problems involved in the field of ferro~ 
electricity are given in references Fl, Jl, Kl, K2, and Ml, The reader 
is referred to these works for a more cpmplete discussion of ferroelec~ 
tries and antiferroelectr ics. 
In the study of ferroelectrics t he dielectric constant has played 
an important role. The dielectric constant k is normally defined as the 
derivative of the electric displacement D, with respect to the field E, 
or 
From the relationship (in MKS 
k ... ..f.... 
~ 
0 
units), 
1 clD 
f dE 
0 
4 
one can obtain the susceptibility X, defined as 
X -~ :~ 
or 
X-k ... 1.. 
In the vicinity of a Curie point, or where ever k \s much greater than 
one, the susceptibility and dielectric constant become n.early equal, or 
k•ls!J1..:.ldP • 
Eo dE Eo dE 
Selected Background 
Since the dielectric constant exhibits an anomaly at -the transition 
temperature between structural phases, i~ is usually measured as a function 
of temperature and/or field . Less emphasis has been placed upon measure~ 
ments of dielectric characteristics as a function of frequency. Those 
studies which have been done were almost exclusively performed on barium 
titanate -- probably since it was one of the first ferroelectrics to dis-
play striking characteristics, was relatively easy to produce, and showed 
excellent comnercial possibilities. 
Such an early investigation of dielectric constant as a . fun~tion of 
frequency was done by Roberts (Rl) on polycrystalline barium titanateq 
Roberts found no pro~ounced anomaly in dielectric characteristics within 
the frequency range 0.1 to 25 megacycles per second , He found a piezo.., 
electric resonance, however, when the samples were polarized in a strong 
electric field. 
Had Roberts extended his measurements into the microwave range, he 
would have discovered a relaxation spectrum as did von Hippel and 
Westphal (Vl) and later Powles and Jackson (Pl). The important feature 
of this relaxation is an abrupt decrease in dielectric constant by more 
8 than an order of magnitude, beginning near 10 cycles per second and 
10 tapering otf past 10 cycles per second. 
5 
Kittel (K3) was one of the first to propose a wQrkable, qualitative 
explanation of this phenomenon. He introduced the idea that the observed 
dispersion was due to processes of domain wall displaee~nt. A domain 
wall displacement, in a direction perpendicular to the wall, will in~ 
crease or decrease the effective polarization parallel to the wall. 
R-ecently Sannikov (Sl) has pres-ented a more rigorous approach considering 
the frequency dependence of the dielectric constant assoc1a..ted with 
domain wall 4isplacements. Sannikov•s expression for the complex 
electric susceptibility X* is 
In this equation w0 (•2rrf0 ) is the resonance ft:equency of the material, 
Lit ~nd u;:.• are two ionic damping frequencies,u,(·2~f) is the frequency 
of the applied field and X0 is the susceptibility atlU• 0 and is related 
to the resonance frequency by 
In this expression P0 is the static polarization in the uniform ferro-
electric, 1 is the mean domain width, and M the effe~tive mass of the 
domain wall. Although Sannikov•s result is valid only for ferroelectrics 
which undergo second order phase changes into the nonpolar phase and 
assumes domain walls undergo only smatl distortions, it yields satisfactory 
n1,Jt1lerical results for the observe4 phenomena in barium titanate. 
It is desirabl~ to know more about the phenomenon which takes place 
when the polarization is reversed from one direct!on to another (switching). 
6 
A potential means of obtaining information about this process is by making 
dielectric cdnstant measurements (since k o< dP/dE) while the· sample i s 
being simultaneously switched by a slowly varying biasing field (sweeping 
field). 
One of the earliest of such experiments was done by Drougard and 
Young (Dl), who subjected a single crystal of barium titanate to a low 
amplitude audio frequency sine wave to measure the dielectric constant 
and at the same time imposed a slowly v~rying field to produce switching. 
Prougard and Young regarded their results, among other things, as giving 
no indication of dorrain walls moving to any appreciable extent in response 
to the audio frequency field. 
Similar investigations by Drougard, Funk and Young (D2) studied the 
dielectric characteristics as a function of measuring frequency, sweeping 
frequency, sweeping voltage and the rate of switching polarization 
(current). They found that the measuring frequet'lCY and the switching 
current were both signi ficant var iables. At constant switching current, 
the real part of the complex dielectric constant, k' #, showed a strong 
frequency dependence , decreasi ng as the measuri ng frequency was increased. 
This frequency dependence was described by a Debye re l axat i on type of 
spec trum, 
* k 
, a 
koo + -1-+-jwT-
where k* is the complex dielectric cons tant and Tis the r e l axation 
time. The real part of the dielectric constant is given by 
For s i ngle crystals of bar i um t i tanate and at various switching current 
# The complex di elect ric constant i s discussed f u lly in Chapter Ille 
densities the value of i was around 5.2 - 5.5 microsqconds. 
Merz (M2) also did extensive study on the switching process. He 
found experimentally that at low fields, the rate at which the polari-
zation reverses itself is proportional to exp(-«/E), where~ is~ 
temperature dependent quantity, and E is the applied field. In other 
words, the field at which a crystal will switch its direction of 
polarization depends on the time that is allowed for the switching, or 
more simply, the rate at which the hysteresis loop is traversed 
determines the shape of the loop. Using Merz•s exponential law as a 
basis, Landauer, Young and Drougard (Ll) assumed the rate at which 
polarization is reversed may be given by 
:: • F(P)exp(-~/E(t)), 
where F(P) permits the switching rate to depend on the extent to which 
the crystal has already reversed its polarization as well as on the 
7 
field. Making several assumptions concerning the functions F(P) and 
E(t) this equation was integrable and gave rise to a family of curves 
showing the dependence of the coercive field of barium titanate on the 
rise rates and the applied field. The results of Drougard, Funk and 
Young (D2) are thus partially explained by the work of Landauer, Young 
and Drougard using Merz•s exponential law, but the question of whether 
exp( 0 ~/E) was a rate of domain nucleation (formation of new domains) or 
a rate of domain expansion remained essentially unanswered. 
The increase in dielectric constant during switching as found by 
Drougard, Funk and Young was also investigated by F .. tuzzo (F2) who, in 
addition to observing their low frequency relaxati on, also discovered a 
9 
new relaxation above 2 x 10 cycles. These relaxations were also present 
in triglycine sulfate, another ferroelectric. Fatuzzo's model attributes 
8 
the increase in ·dielectric constant and losses to oscillations of the 
"side" walls of the domai11s in the case of the high frequency relaxation, 
but in the case of the low~r frequency relaxation, to oscillations of 
"front" walls of the newly formed domains . The model proposed agrees 
we 11 with the experimental results o 
In general, a ferroelectric domain is said to grow through (1) for~ 
ward domain wall motion in which case the wall moves in the direction 
of the ferroelectric axis (Z) sideways domain wall motion where the wall 
moves in a di rection perpendicular to the ferroelectric axis, or (3) 
by a combination of these twoo 
Little (12) studied the dynamic behavior of domain walls in barium 
titanate single crystals by optical technique-so She observed the 180° 
walls moving perpendicular to the polar axis, an effect Merz did not 
perceive. It was found from electrical rreasurements that the equi~alent 
susceptibility was strongly dependent upon both rreasuring field strength 
and frequency, in agreerrent with Drougard, Funk and Young (D2). The. 
dependence upon frequency was attributed t·o the optically observed domain 
4 
wall motion which damped out around 10 cycles per second. Little also 
0 
concluded that 180 domain walls did not move sideways in reasonable 
laboratory times with fields less than 2.4 kilovolts per centirreter (kv/cm). 
Chynoweth (C l), studying ferroelectric Barkhausen pulses in barium 
titanate, theorized that a Barkhausen pulse could arise from the nucleation 
and growth through the thickness direction of a domain . Since the charge 
represented by the Barkhausen pulse accounted for only Ool to 1 per cent 
of the total charge required for complete polarization reversal, Chynoweth 
proposed a further growth of these domains through sideways expansion, 
hence accounting for the entire charge. 
9 
Although the experimental investigations mentioned thQs far have 
been varied in technique and conclusion!:!, they we-re all similar in that 
they were pe-rfo-rme-d with me-ta 1 e lectroded s-ample-s. In -order to e 1 imina,t,e, 
internal stresses and defdTmations caused by metal electrodes, Mille,r (M3) 
used single crystal barium titanate samples with aqueous LiCl electrodes. 
The sample·s were observed to undergo polarization reve-rs,a,l with electric 
fields of sever~l hundreds of volts per centimetter, a value much less than 
that quoted by Little. Miller ascertained that polarization reversal 
0 
can take place by extensive sideways l!\Otion of a few 180 domains. In 
addition it was found that polarization reversal could be accomplished 
with few or even no Barkhaus~n pulses, and that Barkhausen pulses occurred 
when two growing domains came together. 
Using the same techniques, Miller and Savage {M4, MS) have done 
extensive investigation of the dynamics of domain wall motion as a 
function of temperature and field. They have also $tudied carefully the 
geometrY- of individual domains and have proposed a 1119del · for the mechanism 
by which the bottrt4&ry moves. Later work by Miller and Savage .(M6, M7) in-
' 0 
eluded the investigation of 180 domain wall motion with meta-1 electroded 
barium titanate crystalso Wall velocities were studied as functions of 
electric field, crystal thickness and impurity content added to the 
crystal growth melts. Generally the dependence upon field was the same 
as that found for the liquid electrode studies, but the pronounced 
dependence upon sample thickness was attributed to....non-fe-rroe·lec.tric 
surface la'\H!rs adjacent to the metal ele.crrodes. Miller and Savage._ ,r 
expanded on a surface layer model proposed by Drougard and Landauer (03) 
to explain the switching speed dependence upon sample thickness as 
observed by Merz {MS) . 
10 
The effect of such a surface layer would be to reduce the applied 
Held E to a value Eb in the bulk of the material. Since the surface 
layer is assume-d to have a low dielectric constant, an appreciable part 
of the appUed voltage appears across it~ From this it can be seen 
that the thinner the crystal~ the more important the surface layer be ... 
comes. There is a considerable amount of disagreement as to the thick~ 
ness and dielectric constant of the layer, but the values proposed by 
Savage and Miller are perhaps the most consistent with experimental 
results. They estimate the thickness to be of the order of 100 Angstroms 
and the dielectric constant to be about 100. 
In light of a number of theoretical and experimental observations, 
Gerson (Gl) reasoned that the dielectric constant of ferroelectries 
should in.crease at very low frequencies since there should be a contribu .. 
tion to the dielectric polarization -due to switching, Using lead titan-ate 
zirconate ceramics, he determined the dielectric properties in.the 
frequency range 0., l to 10 cycles per secondo A slight increase in 
dielectric constant was observed bttt this was interpreted as an effect 
due to interfacial polarization rather than an effect due to ferroelectric 
switching~ 
Nature of the Present Investigation 
The purpose of this study has been to detet"mine if t;;heree-xists any 
frequency dependence of the dielectric characteristics in lead hafnate 
titanate a~d lead zireonate stannate titanate compositions within the 
2 . 5 frequency range 10 to 10 cycles per second and if possible to correlate 
the observed behavio~ with the previous experimental studies .mantioned.,, 
Another interesting aspect to consider here is that the dielectric 
11 
behavi·or of anti.fen;'Oeleetric ·materials as well as ferroelectric materials 
was studied· in. hopes of gaining further insight into the cha,r·acte:ristics 
of this class 0£ substan~eso 
CHAPTER II 
DESCRIPTION OF SAMPI.J;:S 
Introductory Statements 
All the samples employed in this work were polycrystalline (ceramic) 
solid solutions of various members of the perovski te family. The gene·ral 
formula of the compounds belongiJg to this family is AB03 o In --tt:i.e 
formula A is a monovalent, divalen:t;'\;it\:trivalent metal and B is a -penta-
valent, tett1avalent or trivalent metal respectively. The ideal perovskite 
struoture is i ll~strated .1,n Ugure 2. A complete and comprehensive 
Figure 2. The Perovskite Structure 
discussion of the perovskite~type oxides, their solid solutions and the 
·' 
related phenomenon of ferroelectricity is given by Jona and Shirane (Jl)., 
All samples were furnished by Sandia Corporation and with the 
exception of PZST .. 6 were prepared by c. Hall of that corporatlon. The 
samples were solid soluUons of lead hafnate til:anate and lead zirconate 
stannate titanate .. In additiqn all samples had Nb2o5 added (one per 
cent by weight)o In general the effects of the niobia a~e to lower the 
,' 
I 
coereive·field of.the sample by an appreciable amount and to raise its 
12 
13 
resistivity by several orders of magnitude (Bl). Gerson (G2) studied 
the variations in ferroelectric ch~racteristics due to the addition of 
niobium and lanthanum, and conclqded that this le~ to high mobility of 
domain walls. 
Firing temperatures of the ceramics were from 1400 to 1430 °c. 
Silver eJectrodes were fired on the entire surface area. 
Lead Zirconate Stannat~ Titanate 
The majorit;y of experimental work in thh st\ldy was done on sam"" 
ple PZST~6 whose composition is Pb(Zr0•68sr0025Tt 0•07 )o3• This sample 
was extremely well-behaved~ exhibtti~g both a ferroelectric and an 
antiferroelectrie phase and well defined transition regions. With zero 
electric field ppon increasing temperature the sample exhibited ferro 0 
0 0 
electric properties up to 127 C and became antiferroelectric from 127 · C 
0 0 to 151 C. At 151 C (the CuJtie point) the sample transformad into the 
paraelectric (cubic) phase. With decreasing temperature the antiferl'O• 
0 
electric phase persisted down to 97 Cat which point the sample became 
ferroelectric once again. This composition in the ferroelectric phase 
has a rhombohedral unit cell structure 9 and in the antiferroeleetri~ 
phase a pseudotetragonal structure. Figure 3 is a phase diagram of 
PZST."16 as a function of field and temperature (Nl). Dinwmsion,s and 
density for the sample are recorded in Table I. 
Lead Hafnate Titanate 
Work was also carried out on various solid solutions of lead haf~ 
nate titanate~ The composition Pb(Hf0095Ti0~05 )o3 was ferroelectric 
at temperatqres below the Curie point (159 °c), while the cpmpositions 
160--...-~-,-~-,-~-,-~---~--,.--~-,--,--,-~-,-~-,-~-,----, 
140 
w 
0:: 
::::> 
I-
<{ 
a:.: 
~ 
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l.LJ 
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0 2 
BISTABLE 
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FERROELECTRIC· 
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Figure 3o Phase Diagram for PZST=6 
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TABLE I·· 
LIST Of SAMPLE$ 
,, ' 
' ' 
Sample ' * Composition· Area Thickness Oen.sity Cu!l"ie 
Temp. 
2 (em) (cm) (gm/eui3) ( OC) 
PZST-6 Pb(Zr0~68Sn0.25 l.986 0,174 7.94 151 
no.01)03 
95 llN fb(Hfo.95rto.os)o3 1.528 0.265 8,93 159 
96 HN Pb(Hf0 9 96"J;'i0.04)03 1,577 0.209 9.00 164 
97 HN Pb(Hfo,97Tio.03)03 1.524 Oo2l9 8.99 170 
100 HN PbHf03 1.579 0.175 8.99 170 
* ' All compositions have one per cent by weight of Nb2o5 added. 
Fb(Hf0097t10•03)o3 andPbHf03 we-re·antiferroelectric all·theway to their 
Curie points.. The composition Pb(af0096ti 0,, 04)o3 $howec;l traees of anti~ 
:eerroeleetdci ty in a ~E!-11 temperature range at low fields ,and otherwtse 
was ferro~le~trie. Northrj.p- (Nl) has done exten$ive wo.rk on the t,he,rmal 
and electrical properties of the lead h:afnate titanate system,·and the 
reader is refet'l!'e"d tQ his work for a more CornJt~sete ·dtscU;ssion of these; 
i 
eomposltions!> Sample densities and dimensions are recorded in Table I, 
INSTR~NTATION AND PRO~puim; 
General Consi4erations 
V • V 0exp(jwt:) 
will store. with a va~uum dieleet~ic, a ck,rge 
Q III C0 Vo 
C0 h called the ge0111etrical (qr vacuum). capacita-nee of the capacitor, 
and, :(ringing effects neglectec.t, ia equivalent to \A/d wh~e E0 b tlw· 
permittiviJy of free space, A the surface area of one capacU;oi:- plate,,,- and 
d the distai,.ce between plateso In this case the ehal'sing current 
0 leads the voltage by a phase attgle of 90 o 
tf the capacitor is filled with sot'lle s"bstance, the capacitance 
in.creases to 
• C • C .#.:. ""' C k', 
o(ro o 
where E' and k' represent the real parts of the complex perm!.t.tivlty. and . 
dielectric constant respectively. In addition to the charging current. 
there n<>W appears a loss current, so that the total cµrret\, is 
I ... I + r 1• t C 
In otb.er words, the capaeitor can be c;ha;raoterized by a loss par~t.er 
t 
as well as a capacitance para~ter. This loss pa~ameter is representable 
17 
18 
as eith;er a series or parallel resistanceo 
A ferroelectric is conventionally represented. in parallel notation 
as the equivalent circuit of Figure 4. I~ the circuit, Rx ~presents 
t 
V 
i 
Figure 4. Ferroelectric Equivalent Circuit 
the loss component (Joule heating, hysteresis losises, etc .. ) .and ex the. 
pure capacitive ~omponent. The loss current therefore is expressible as 
t 1 • GxV' 
and so the total cu~rent traversing the capacitor is 
It~ (jwCX + Gx)V. 
A vector diagram for this equivalent parallel circuit is shown in Figure 
5, In the figure Q is the phase angle and o is the dielectric loss angle. 
Figute 5, Vector aep~esentation 
Renee tb.e dissipation. factor D, defined as the cotangent of the phase 
angle is 
Gx 
D = cot 6 • tan 6 
It is customary to descri~ the charging cur~nt and the los.a-.current by 
the introduction of a complex permittivity, 
19 
or a complex dielectric constant, 
'Ir 
k* "" fa "" k' .. jk", 
where E" and k" are the loss factor and relative loss factor respectively. 
The total current may now be written 
and the loss tangent be~omes 
In the past, loss mechanisms in ferroelectrics have been J;'e~rded in 
terms of tan c5, since this value is usually directly readable or calc-qlable 
from the measuring apparatus. However, as Northrip (Nl) points out, this 
method of measuring losses gives a nUtllber which depends not only on the 
value of the loss current but also on the value of th~ capacitive currento 
In other words changes of tan 6 are caused by both changes in loss 
mechanism and change, in capacitanceo For ordinary dielectrics this 
creates no special problem but in ferroelect}:'ics many regions of interest 
are accompanied by both changes in loss mechanism and very large changes 
~n capacitance (eog• near a Cu~ie point). For this reason the loss 
tangent is nqt a partic1,1larly sensitive indicator of loss mechanism 
changes when dealing with ferroelectric~o Northrip has proposed the use 
of an "equivalent conduc::tancie" defined as 
G "" 21'T"fC tan 60 X .. X 
The te:i::m "equivalen.ttt denotes that all types of losses are considered. 
A convenient aspect of the use of "equivalent conductance'' rather 
than the loss tangent i~ that it permits corrections to be made with 
relative ease for losses and capacitances in the neasuring system, since 
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conductances in parallel are additive. More will be said of this later 
:in the chapter. 
Measurement Technique 
AU. measurements of capi,i-citanee and dielectric loss were made with 
a General Radio Capacitance Measµring Assembly Type 1610 ... A. This 
assembly is a general pµrpose capacitance bridge integrated with the 
necessary generator, amplifier and cables. It is possible to determine 
dissipation factor and equivalent series eapa~itafi\Ce from zero to 1150 
micromicrofarads (p_µf) with this assembly over a frequency range from 30 
to 105 cps. At a frequency setting of one kilocycle per second (kcps) 
the capacitance range extends to one microfarad. A block diagram of the 
assembly used for zero bias measurements is sh9wn in Figµre 6. 
I 
Oscillator B:ridge Sample Holder 
and 
GR 1302.,.A GR 716 ... C Sample 
I I I I 
I 
I 
Filter AtnpUfier Osei llos~ope 
GR 1231 ... PS GR 1231 .. » +ektronic 503 
i 
Figure 6. Block Diagram of Assembly for Zero aias Measurements 
The oscilloscope connected to the output of the 123l~B amplifier was 
used as a null detector to provide for a more sensitive balance of the 
bdd_ge. 
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The frequenc:i.es at which the sample capacitance and loss could be 
most easily determined were dictated by the frequency settings on the 
General Radio Type 1231°PS filter. These frequencies were 0.1, 0.2, 0.5 9 
1, 2, 5, 10, 20j 50 9 and 100 kcps. A frequency setting of 50 cps was 
also available 9 but sensitive bridge balance was hindered at th~s setting 
by low frequency ac pickup which could be attributed to the magnetic 
stirrer used in the sample bath as well as other stray 60'-!cycle noise. 
Occasionally it was necessary to substitute a Hewlett~Packard Model 
200CD oscillator in place of the General Radio oscillator in order to 
achieve frequencies greater than 100 kcps. A sensitive bridge balance 
was possible to 200 kcps with the oscilloscope despite the upper 
frequency setting of 100 kcps on the filter, 
Since measurements of capacitance greater than 1150_,u_..µf were required 
over the frequency range fro~ 102 t;o 105 cps 9 it was necessary to cali= 
brate capacitors for use as external standards over this frequency range. 
An e~planation of the use of these external standards as well as correc= 
tions made for them follows. 
Consider Figure 7 which is a circuit diagram of the General Radio 
716=C Capacitance Bridgeo In this modified Schering bridge,~ is the 
precision internal standard reading from 100 to 1150~. C is the var 0 
a 
iable air capacitor and decade capacitor, which compose the dissipation 
factor controls. R8 and Rb are the ra~io arms controlled by the range 
selector on the bridge. Equal ratio arms are provided at Ool, 1, 10 and 
100 kcps and multiplying factors of 10, 100, and 1000 are provided at l kco 
The previously mentioned external standards were used in parallel 
with en~ and allowed measurements of capacitance greater than llSO~f 
to be made over the desired frequency range. In Figure 7 the calibrated 
22 
n. 
Figure 7o Simplified Bridge Circuit 
external standard is represented in parallel notation as Cs and G9 o 
When an unknown (:apacitance (Cx, Gx) is balanced against Cn an.d the 
external standard the capacitance is given by 
C • C + C • X n S 
The bridge, however 9 reads a value of the loss tan.gent that is not 
unique to Gx but rather to a value slightly less than the true value 
of G. ·The error induced is due to the loss factot of the extern.al 
X 
standard. The magnitude of this loss is of the order of the loss tan~ 
gent of the intern.al standard? both being quite- small, and so no 
corrections were made for eithero This induced an error in the calcu ... 
lated value of G of less than 2 per cent of its aet1:,1al va1-a The 
X 
value of G is thus calculated from 
X 
G - • 2rrfC tan c:5 , 
X ~ 
The use of external standards extended the effective capacitance range 
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to 0.01 _pf 'II well over the values of ~apaei tan.ce of the samples used. 
Mica capacitors with values near 10001) 2000 and 5000#f we:re ©alibrated 
for use as external standards over tlte previously mentioned frequency 
-range., Mica capacitors were used because of their relatively low losso 
The cable from the bridge to the sample holder 9 as well as the sam"' 
ple holder itself 9 also presented a capacitance and loss which required 
corrections. The capacitance and equivalent conductance of the cable 
and sample holder can be symbolized by C and G respectively. These C . . C 
are effectively in. parallel with the sample so that the actual values 
of the unknown are 
and 
(C + C )tan 6 = G .. 
X C C 
!he calculated value of G is sti 11 smaller by an amount less than, 2 
X 
per cent of the actual value due to the loss in the external standarrl'o 
The cable and sample holder 9 however 9 required calibration for capacitance 
and equivalent conductance over the mentioned frequency rangeo 
Using this method of measurement~ the.capacitance c.o.uld be determined 
to within t Y,;uf and the dieleetri<1! loss to within t 0000080 These 
limitations are inherent in the bridge and external standards with this 
nature of measurement and ex@lude any errors due to environmental change-s 
affecting the external systemo The 1atter 9 however~ are apparently small 
and may be considered negligibleo 
The output of the General Radio amplifier was non~linear over the 
three decade frequency range and so precautions were taken to insure that 
all measurements were made at the same measuring field strengtho Over 
most of the frequeney range the variation in measuring fiE:;1ld strength wa!S-
less than 10 per cent 9 and so induced no great error in the dielectric 
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constant measurements. 
The dielectric constant is directly calculable from the capacitance 
using the relation 
cxd 
k i ::: E:oA ' 
where A, d and Cx are the sample surface area, thickness and capacitance 
; 
respectively o 
Bias Measurements 
A block diagram of the assembly used for measurements with a biasing 
de voltage impressed across the sample is depicted in Figure 8. A Beta 
10 kilovolt de power supply was used to provide biases up to 2000 volts 
across the sample. 
To Bridge 
Isolation_ Circuit ~ I __ --, 
Beta 10 kv I 10.)lf ~ 1 
I I de Power I 
Supply I 1 o Mn I 
I I 
L~ -- ____ J 
Sample and 
Sample 
Holder 
Figure 8. Block Diagram of DC Bias Measurement Assembly 
The isolation circuit was employed to keep the de off the bridge 
circuit as well as to ef~ectively keep the ac measuring voltage 
across the sample. The 10.,uf oil capacitor offered an ac impedance of 
the order of 103 to 105 times smaller than the sample impedance itself, 
over the entire frequency range. The isolation circuit caused some 
inconvenience in making the de bias measurements in that it offered a 
100 second time constant to the power $Upply. In other words, for the 
bias across the sample to read within one per cent of its final value, it 
was necessary to wait at least 5 time constants be.fore taking a reading. 
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Although-·time consuming, ,his pX'esented no special difficultyo 
The power supply meter readings did not agJ;'ee with the actual 
voltage impressed across the sanip-le- so it was convenient to--mak-e a table 
(Table II) showing both 9 together with the corresponding field strengtb.s 
for that pa:rticula:r sampJeo The use of these tables allowed reproduction 
of settings with comparative easeo 
TABLE II 
COMPARISON OF.POWER SUPPLY VALUES TO ACTUAL VALUES 
Power Supply 
Meter Readings 
(volts) · 
100 
200 
300 
400 
500 
600 
700 
800 
1000 
1200 
1500 
Voltage Impressed 
Across Sample 
(volts) 
98 
199 
280 
375 
480 
560 
660 
760 
960 
1140 
1440 
Corresponding 
Field Strength 
(for PZST ... 6) 
(kv/cm) 
Oo56 
l" 14 
lo6l 
2ci16 
2o76 
3o22 
_3o 79 
4o37 
So52 
6 .. 55 
8.28 
As would be expected, the power supply and isolation circuit 
introduced a large capacitance a~d loss in.to the measurements. This 
capacitance was of the order of 1700 to 1750~£ and the loss tangent 
about OoOl to Oolo This presente_d no special problem, however,:as both 
C and G for the system were deteX'fflined over the employed frequency range . 
and the corrections in ,ample capacitance and loss could then. be made as 
mentioned earliero tn. order to lt~ep errors at a minim~ it was. necessary 
to. calibrate the syst:etll fo:r capacitance aad loss at each of J:.hELhia'S-
voltage settings usedo 
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In general 9 however 9 the bias measurement results must be examined 
with caution since the large nµmber of correct!ons necessary Gan provide 
a large so1,1rce of erroro This :re$ults from th~ fact that the powe~ supply 
calibration required the USE;! of large external standards as did the actual 
Mas measuremen:ilto These large external standards in tul'n had been 
calibrated against a smallel' external standardo While these calibrations 
and corrections cause only a small error (about 1%) in dielectric 
constant, whose total range extends ove:r approximately a tenth of an 
order of magnitude, a sizeable error is prevalent in the equival~nt 
conductance results due to the expanded range (three orders of magnitude)o 
Also 9 errors in capacitance and lm~s tangent can provide a considerable 
error in equivalent conductance since it is proportional to the product 
of these two valueso Normally the magnitude of these errors is less than 
10 per cent of the given value of equivalent conductance. Although this 
represents quite a large error~ the general trend of the results can still 
be asc;ertained. 
Sample Holder Assembly 
The sample holder assembly (Fig~re 9) was constru©ted by J. Northrip 
of this laboratory o The sample itself was held between two large bras$ 
plate$ and immersed in Pow Corning 200 Silicone oH. A 250 watt :immerlSiiGn 
heater controlled by a variac was used in conjunction with a magnetic 
stirrer~ The thermometer was kept close to the sample to prevent any 
errors due to possible gradients in the oil bath. 
The extern.al sult'faces of the 3000 ml be~ker containing the oil were 
covered with a reflective ~oating and insulation to redqce thermal losses 
due to radiation and conduct.ion. With these precautions and the variac 
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/\0 MEASURING APPARATUS 
THERMOMETER. 
HEATER 
SAMPLE 
OIL BATH 
C ~ ) ) 
MAGNETIC S Tl RRER INSULATION 
0 OFF - -FAST 
Figure 9G Sample Holder Assembly 
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controlled heater~ temperatures from 25 to 230 °c could be achieved 
0 
aad held constant within ~ 0.5 C. Measurements were not made too 
near the transition potnts of the sample µsedj so that any change in 
capacitance due to thermal drift would be $mall in comparison to the 
dependence upon frequency. 
CHAPTER IV 
RF.:SULTS 
Ze~o Bias Measurements 
A typical result of the dielectric constant versus measuring 
frequency investigations is depicted in Figure 10, for sample PZST-6 
at zero biasing field and low (less than 20 volts/cm) nieasuring field 
strengths. Recalling that at 25 °c this sample is ferroelectric, one 
observes from the figure that the dielectric constant displays a 
linear log dependence upon the measuring freq~eney. This can be most 
easily represented by an equation of the form 
k' ~ k' + b ln(f/f) 
o ·o 
where band k' are con.s~ants wit-h k0 ' the dielectric constant at 0 
feE1ti11l·to f 0 _equal to one cycle per aecond. 
It is also possible to express the dependence as 
k' • ki O + ks' [1 "' a ln(f /f<))J 
whe?'e now kio represents a frequency independent contribution to the 
dielectric constant and the frequency dependent term appears in a 
mathematical form more convenient to the later discussion~ The·valu.es 
of the ¢91'Stants for the curv~ in the ferroelectric phase in Figure 10 
are: 
ki' • 385 
k 9 .. 188 
s 
To provide some means of comparing data it waa found useful to 
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calculate a relative percentage change for each set of data. This was 
done by taking the differences in the end point values of d:l.electiric 
constant, dividing by the midpoint dielectric constant over the previously 
mentioned freqQency range 9 and then converting this ratio to a percentage 
change. It must; be understood that thll.s callc:11.dated value is only me.ant 
to offer some compariso~ basis among the observed results. The percentage 
change for Figure 10 (ferroelectric curve) is approximately 12 per cent 
and this value is rather typical of the changes in the other ferroelectric 
materials tested. A more complete eomparison will be of:fered later. 
When the PZST .. 6 sample was heated al:>ove the ferroelectric:=antlferro= 
electric transition temperature so that t;he sample was in the-aqtiferro 0 
eleet't'ie -phase the relative percentage change was reduced to around 3 
per cent. The ehoi~.of a percentage change to depict -re-su-Hs rat-her 
than the slopes of the curves is evident from Figure 10 where the slopes 
are nearly equal, the percentage changes differ by a fact.or of four. 
At temperatures above the Curie point the dielectric constant no 
longer displayed a linear dependence upon log frequency. This is not of 
prime interest here and so no further mention will be made of this 
phenomenon. 
The results of the dielectric censtant versus frequency studies at 
root temperatures (23 to 26 °c) and low measuring field strengths (less 
than 20 volts/cm) are i llustra.ted in Figure 11. The relative percentage 
changes for each sample are given and range from S to 13 per cent :for the 
three ferroelectric samples and 4 to 7 per cent for the two antiferro"" 
electric samples. 
Figure 12 is an equivalent conductance versus frequency plot for 
sample PZST=6 at various temperatures and low measuring field strengths. 
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The log .... log plots A and B for the sample in th<e ferroelectric phase 
approximate straight lines with slopes ~f about oneo The_ loss tan.gen.ts 
for these curves show slight increases with h.ereasing freq-ueneyo Plot 
C represents the sample in the antiferroelectric phase at a temperature 
f 0 o 137 Co It lies below the ferroelectric plot at 124 °c with.both the 
capacitance and the loss tangent in the antiferroelectrie phaae less than 
in the ferroelectric phase. In the antiferroeleetric state the loss tan~ 
gent is about one~half or one.third of that in the ferroelectric state 
~Ot009 as compared to 09025 at 102 cps). In the paraelectric phase 
(plot D at 170 °c) the loss tangent decreases from about 0.01 to 0.-003. in. 
2 4 the frequency range 10 to 5 x 10 cps and then i-creases abruptly 
to 0.045 at 105 cps • 
. \ If only twc, loss roechanisR1s are conside:red, namely hysteresis an.d . 
ordiMry Joule heating, lt would appear f'rom :Figure 12 that the loss 
mechaaism in the- fer~o,lectrie stat~ Cc:>'1ld be attributed almost solely 
to hysteresis since a pure loss of this-type would be representable on 
a log ... log plot as a straight; line with a slope of one .. A losscdue to 
frequency independent Joule heating alone, however, would be a Une 
parallel to the abscissa in Figure 12., 
The antiferroeleetric equivalent conductance versus freque~ey curve 
displays a slight flattening at the lower frequ.e~cieso This suggests a 
and, surprisingly, the continued presence of hysteresis losses ae higher 
f req~neies. 
The results displayed in Figure 12 for sample PZST~6 are for the 
most part characterist,i-c of the data obtained from the other samplesq 
Later, mention will be made of a sample whose equivale-nt conductance 
versus freque~cy curves show a v~ry pronounced flattening at higher 
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temperatures and low frequencies 9 perl:taps.offering some means of 
separating the total loss mechanism into its components. 
In several eases measurements were ma.de with the measuring field 
strengths near 50 volts/cm. The results shown in. Figure 13 illustrate 
strength dielectw:ic constant. TMs is true at the lower frequencies, 
results approach each otber. For both samples shown in Figure 13 the 
low strength s:itu.ationo 
fully later. 
Bias Measurements 
The res'l.l!l ts of the dt bias measulfememts are shpwn in Fig.tires 14 
bias as a parameter •. Curve A of Figure 14 shows the zero bi~s situation 
made with the power supply in the system and so a larger.experimental 
error was possible than if the system had noit been presen.to For this 
reason the linear portion of the curve has been eKtended ln a strali.ght 
Hne (dotted porttion)\) rather than to the measured point 9 since previous 
measurements have revealed a completely Unear log dependence upon 
frequency at zero bias9 Cutves B a:nd C display a hook at the upper 
frequency end which appears to be the beginnhig of the resonance p:ro~ss 
discussed in the next section.9 The calculated slo~sa-nd percent~ 
changes pertain only t~ the Un.ear po:rttons of the plots., 
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The fact that the high field strength curves lie below the zero field 
strength curve can. be found upon consideration of Figure 150 The dielectric 
constant versus de field strength curve shows an abrupt d,ecrease abov(I 
4 kv/emo This can be explained upon the basis of the hysteresis loop o.f 
Figure lo Since k o( dP/dE the d:i.ele~tiric constant gives the slope of the 
hysteresis loop ~aused by the appli~aticm of a de f:ieldo The linear 
portion of the dielelt!tdc @onstant curve below 4 kv/ttlm- of .. F.L~a,0 l:5h th.en . 
corresponds to portion OF of Figi.ire lo The decrease in dielectric 
constant past: 4 kv/cm indicates the decrease in slope of region ~'}.\of 
Figure 1 o In the saturated region of the hysteresis loop the slope should 
eventually reach a constan.t value which wi;:,uld require another constant 
linear region in Figure 15 past 8 kv/emo Readings at higher field 
strengths were not performed to avoid breakdown in the Si:iimple, but the 
curve of Figure 15 has gone through an inflection point and .appears to be 
approaching a constant valueo 
The equivalent ~onductance curve of Figure l5 i Uustrates a general 
decreasing trend of losses with increasing field strengtho 
Poled Sample Measureme~t~ 
The ferroelectric samples were poled by placing a voltage of 1500 
to 2000 volts across them while at a temperature at least 30 degrees 
above their respective Curie points 9 and then allowing them to slowly 
cool with the bias :remaining~ This was done in hopes of detecting a 
piezoelectric resonan~e similar to that observed in polycrystalline 
barium titanate by Roberts (Rl)o The results are shown in Figures 16 
and 170 The resonance peaks for both samples are quite sharp and well 
defined and both occur near 165 = 170 kcpso Using the resonance 
frequencies obtained from the graphs 9 the elastic compliance 
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.p. 
.... 
(PZST-6) 
(95 HN) 
S 3 71 1.0-11 
· . 33 1!11 .. 0 X 
S33 • 1.38 x 10~11 
These values are calculated f;rom the equation. 
s ' ' l, 
. 33 .. 4(tF )]cl ' 
r 
42 
2 
cm /dyne 
cm2 I dyne·. 
where t is sample thickness, 1p is den$i ty and Fr the resonant !re·q~ncy. 
The sample 96 HN also showed traces of a resonance, but it was 
·:..weak compared to the 0th.er resonance peaksl' Unfortunately the upper 
limit on. the measuring frequency was 200 kcps so it; could not be· 
~etermined if other peaks were present as would be expected9 
CHAPTER V 
DlSCUSSION AND CONCLUSIONS 
It was first suggested that the observed decrease in dielectric 
constant with frequency could be due to some sort of Debye relaxation 
process. If this were true, tpe sample response could be represented 
in terms of e~uivalent circuit parameters. The simplest equivalent 
circuit of this nature is given in Figure H3~ where C0 • c1 and R are 
0 I i_ JRC~ (() COI 1/g 
Figure 18. Relaxatipn Equivalent Circuit 
constants. If the admittances of this circuit and that of a ferroQ 
electricsample (Figure 4) are equated, one obtains the foUowing 
relations 
2 2 2 2 
C = C + g Cl/ (g +w cl ) X O 
These expressions yield a single relaxation time (the R~c branch of 
Figure 18), however, and since it proved impossible to fit the data 
to them, it became apparent that the experimental results could not 
be represented in terms of a single relaxatiom.»p~ocE:?ss. 
Another standard equivalent circ\lit is that shown in Figure 19. 
This finds its primary utility in situations involving a resonance 
phenomenon. The result of equating admittances is 
43 
44 
C ,.. C 
X 0 
Inspection of the resonance expressions shows, that they differ from 
those representing a relaxation process merely by the addition of the 
term in brackets and hence that it is often difficult to decide from 
experimental data which of the two types of processes is more prominent 
0 I :=L cl 
C R = 1/g 
0 
L 
Fig\lre 19. Resonance Equivalent Circui"t 
in a particular case. 
This simple model also proved inadequate to fit the data at hand 
and it was deemed unprofitable to search for a more complicated 
equivalent circuit until such time as a clearer picture of the micro 0 
scopic phenomena causing the dispersion is available. 
In light of previous investigations, two of the more plausible 
physical explanations of the dielectric constant decrease with freqvency 
lie in (1) a polarization switching due to domain wall motion!) or (2) 
a relaxation clue to interfacial polarization. The latter Gase, however, 
need not involve a nonferroetectric layer adjacent to the electrodes -but 
could be associated with thin lc\yers between gr4ins in the ceramic., 
Although the idea of an interfacial polarization ha~ merit, the 
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observed decrease in dielectric constant is larger than that fo1.1nd by 
Gerson (Gl) in a simUar materi.al and attributed by him to aµ. inter .. 
facial polarization. The relative percentage changes of his results are 
roughly one.,.fifth to one .. sixth of those observed in this work. 
Consequently 9 an. explanation of the dielectric ~onstant decrease 
with frequency found in the present work will be sought in the mechanism 
of a polarization switching due to domain wall motion. The work of 
Landauer, Young and D-rougard (Ll) suggests that a dielectric constant-
measured during a switching p-rocess should display a d}spe-rsion with 
changing switching frequency. Based upon Merzis rate equation 
dP dtO(' exp ( =cons t /E) ~ 
they sh9~ed that the shape of the hysteresis loop was dependent upon the 
time allowed for the switching process. This implies that if switching 
is taking place and the hysteresis loop changes shape with changing 
frequency 9 the dielectric constant will also be dependent upon fraquency 
since k 0( dP /dE. A simple check to show the nat1.1re of the dependence 
upon frequency of the dielectric constant was performed by taking the 
slopes (dP/dE) of the hysteresis loops illustrated by Landauer, Young 
and Drougard, and plotting them against a frequency parameter (found 
from the approximate ~ise rates associated with the curves)o When this 
was done, the result was a log linear dependence of dielectric constant 
upon frequency over the frequency range employed in the present studyo 
these findings would lead one to believe that the dispersion 
observed in the present work can also be explained in terms of some 
nature of switching processq Generally polarization reversal is classi ... 
fied into three types: (1) nucleation of antiparallel domains, (2) 
forward domain wall motion, and (3) sideways domain wall motion~ The 
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latter two cases have been previously mentioned in Chapter I. In light 
of a large number of observations~ Jona and Shirane (Jl) have concluded 
that the process .of polarization, reversal is governed mainly.by domain 
wall motionso 0 They point out in Chapter IV of their book that a 180 
wall is not very likely to move as a unit parallel to itself~ but 
perhaps sideways wall motion could effectively occur controlled by the 
nucleation of reversed domains at an existj.ng 180° walL 
For these reasons it seems feasible to propose a model similar to 
that of Sannikov (Sl) where a 180° wall is allowed to move sideways in 
the presence of an external field~ (In. the conte:itt of the following 
discussion it is to be emphasized that the term "external field 0 means 
the measuring field.)· Consider Figure 20 which depicts two antiparallel 
domains existing in a single grain of the polycrystalline sample. 
According to Sannikov, a sinusoidal field applied parallel to the domain 
wall will caQse it to oscillate with the frequency of the external field 
but perpendicular to the field directiono This is due to a pressure 
p • -2P E exerted by the field on the wall, with P the static polariza~ 
0 0 
tion in the uniform ferroelectric: and E the applied field strength" 
a 
Figure 20. Domain Wall Motion Switching Model 
In. Figure 20=a, as the field increases in the direction shown~ the 
wall moves to the right at the expense of the right hand domaino The 
result is an increase of polarization along the direction of the fieldo 
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This p·olarization is in addition to the incre;!ase in polarization caused 
by the "stretching" or "compression" of the individual dipoles labeled 
P(s) and P(c) respectively in the figure. It is this iatter stretching 
that is no:rmally considered in nonfe;rroelectric materials and represents 
the situation where hyste:reesis :l.s not observedo More simplyj in the 
absence of any switching, the dielectric constant is measured solely 
due to this stretching or compression of individual electric dipoles. 
Returning to the part of the polarization caused by the domain 
wall motion, it is then supposed that this polarization fluctuates 
with the frequency of the field~ taking on both positive and negative 
values. In other words, with the application of a periodic field 
which has persistec:J for suffict.ent length of time, the total polar"' 
ization must also be periodic in time. Generally, however, this 
polarization will t1ot necessarily be in phase with E, but will show 
a phase shift 0. Consider the expression 
P = D =EE= (k* ~ l)E E, 
0 0 
with k* previously defined as 
k* m kO "' jk"o 
From these two expressions one obtains 
P = ( k' "' 1 ) E E "" J0 k"E E 0 0 9 
showing the total polarization is composed of a real and an imaginary 
part. The right hand term in the above expression represents a loss 
in that it is 90° out of phase with the external field. This can be 
depicted as in the vector diagram of Figure 21 where P1 and Pn are 
given by 
pl= jk11 EOE 
P = (ko ~ l)e E. 
n o 
Figure 21. Vector Diagram Showing 
,components of Total Polarization 
48 
From the figure the tangent of the phase shift angle is apparently -
k 00t E 
0 
tan 0 = (k' ® l)~ E o 
0 
In Chapter Ill it was shown that 
so 
k'tan (, 
tan 0 = k' = 1 o 
But k' ~ k' "'1, since k' is of the order of 500, and this results in 
tan 0 ,g,, tan 6. 
The loss part of the polarization P1 is then representable as 
P = k'E Etan 6. 1 o 
This out 0 of~phase component results in an elliptical Lissajous figure 
when plotted on a P .. E diagram (Figure 22). The in,.,phase component of 
the total polarization, P, is represented in the figure as a straight 
n 
line. 
Figure 22. Polarization Components 
Plotted on a P"'E Diagram 
.It should be pointed out that the component P does nqt merely 
n 
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represent the in.,,phase component of the switching polarization but rather 
the sum of all in .. phase components of polarization to stretching~ com,,, 
pression, switching, etco In like manner P1 includes the total of .out ... 
of"'phase· parts resulting from all nature of losses. If all lossesare 
considered negligible ,~n comparison to domain wall mo~ion loss, the . 
magnitude of this particular loss can then be directly calculated frem 
the area of the elliptical Lissajous loopo 
At higher frequencies (Figure 20 .. b) it is supposed that the domain 
wall boundary cannot continue to move along as we 11 with the rapid.ly 
changing field. This implies the effective distance the wall can move 
from its equilibrium position (at no external field) decreases with in"' 
creasing frequency. Such an effect has been mentioned by Little: ($). 
'· 
If the wall is displaced by a smaller amount (x•) at higher frequencies, 
the result is a decrease in the total switching polarization from P to 
s 
P 8 @, and ultimately a decrease in t-he dielectric const-ant. Although the 
total switching ~'f.?larization decreases, the component--0f this polar.iza= 
tion which represents a loss may increase. This arise~ from the, fact 
that as the field osd Hates faster and fai;ter there should be a, 
continuing increase in the loss angleo It was actually observed in the 
experimental work that the loss tangent showed a slight increase with 
increasing frequency. These suppositions are consistent with the results 
of Sannikov 0 s theoretical treatment which leads to a complex.,~.us.cepti 0 
bi 1i ty showing the same frequency trendo 
It is unfortunate that the actual total polarization due t.o switching. 
by domain wall motion cannot be obtained, for at; best only the, value of 
P 1 can be calculate do The total polarization P as shown in figure 21 is 
related to its componenbs by 
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Since there is n-0 unique way to determine the fraction of P resulting 
n 
from the assumed swi tehing mechanismj the value of P is likewise un"' 
s 
obtai:nable o 
It has been mentioned that the loss is characterized by the area 
enclosed by the elliptie;al loopo This enables one to determine the 
various loop parameters from the conductance datao Again it is pointed 
out that interpretation of res~lts from a microscopic point of view 
must take recognition of the fact that the experimehtal specimens were. . 
made up of randomly oriented domain regions and that consequently the 
values of the calculated diele©tl1;'ie parameters have true meaning. .. only 
as being characteristic of the entire sampleo 
The power dissipation in a dielectric is normally calculable as 
W = G v2 
X 
with V therms value of the applied external voltageo On the other 
hand the value of energy density lost per cycle must be 
U = irPlEmax 
where now P1 represents only that portion of the total polarization 
whieh is out of phase with the field and E is the maximum value of 
max 
the sinusoidal electric field strength. To find the power dissipation 
one multiplies this value by the sample volume and the frequency, or 
Combining these expressions one obtains a value for the appropriate 
loss component of the total polarization~ 
G v2 
X 
pl = TrfV E 0 
s max 
For sample PZST~6 (V = 003456 cm3) at room temperature, 102 cps 
s 
and with E • 14 volts/cm one finds 
max 
and 
he nee 
... 9 G = 805 x 10 mhos 
X 
ell 2 pl= lo7 X 10 coul/cm o 
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The calculated P1 is the result 9 as previously described, of all 
loss mechanismso For purposes of the following discussion, it will be 
assumed that the domain wall motion loss is the only one of major 
consequence and P1, thenj will be taken as a measure of the loss com .. 
ponent of the switching polarization Po As such, it also serves as 
s 
a lower limit value for Po 
s 
Using the value of P1 calculated above it is possible to obtain 
the minimum portion of the sample contributing to the switching process • 
.. a Consider a cubic unit cell with an. edge length of 4.1 x 10 aii. This 
value is the approximate edge dimension of the unit cell in the para= 
electri-<: phase, but will suffice hereo The unit cell volume is then 
found to be 
.... 23 3 V = 609 x 10 cm o 
C 
To reverse the polarization of the entire sample requires a coercive 
field of the order of 5 kv/cm with a spontaneous polarization of 
.,5 2 2.5 x 10 coul/em (Nl)o Hence comparing the switching model polaric 
zation to the entire sample polarization, one can obtain a rough 
estimate for the fractional part F of the sample contributing to the 
switching process, 
(Pl )model 
F = (P ) • . o 
sp entire sample 
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2 At 10 cps 
From the sample volume and unit cell volume the total number of unit 
21 
cells in the uniform sample is found to be 5o0 x 10 l> and hence. roughly 
1015 unit cells <!;Ont:ribute to the switching process., This is s.omething 
like ~ne=millionth of the sample., 
Let us recapitulate the bases upon which this conclusion has been 
reached. It was assumed that all losses were due to domain wall motion. 
Certainly some Joule heating losses are present but these should be 
negligible since the de resistivity of PZSTQ6 is around 109 ohm~cm0 
Furthermore there sti 11 exists the possibility of loss associated with 
nonferroelectric regions in the sall!ple and with the presence-of ~:al 
relaxation.,,type mechanisms common to all dielectt'ic materials. The 
presence of any of these losses would result in the value of F being 
too large. 
The use of only a component of the total switching polarization is 
not as illustrative as would be the use of the actual value ~ii!' However, 
since no unique method of calculating the part of P which u due. to 
n 
switching is possible 9 the value of P ieannot be ascertainedo s 
Although the calculation. of the fractional part of the sample 
contributing to the switching process suffers from obvious weaknessesi 
the fact of prime importance is that the experimental results can be 
reasonably interpreted in terms of a model of this natureo 
The switching model would be strengthened if a larger ac measuring 
field strength produced a larger dielectric constanto Such is indeed 
the situation at the l0wer frequencies as depicted in Figure 130 This 
should result from the added pressure on the domain wall Qausing a 
larger value of Po A larger loss is also observed, again consistent 
s 
with the view that the phase of the swi tchin.g polarh.:ation differs 
from that of the field., 
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The results obtained from the de bias measurements can also be in. ... 
corporated into the mode lo At bias field strengths less "thi:kt, that 
required for sample satu:ratiem~ the dielectric constant versus frequency 
results remain essentially un<.;;hangedo Th-at is 9 the dependence· of 
dielectric con~H;ant upon log frequency is still present as was illus .. 
trated in Figure 140 This does not necessarily contradict the model 
since it has been shown only a small number of unit cells (and hence 
domain walls) contribute to the switching process and the presence of 
the less .. than ... saturation de field does not infer that all domain.wall 
motion due to the ac field should cease. 
At higher de field strengths it is assumed that the majority of 
the sample has a polarization in the direction of the field.. Ideally 
if the entire sample were poled in one direction, domain walls would 
not exist. Plot C of Figure 14 illustrates that the relative perca 
cent.age change (and slope) has decreased at the higher qc field in= 
dicating a lesser amount of switching taking place. Since the-
equivalent conductance is a direct measure of the loss mechanism, the 
equivalent conductance curve of Figure 15 strengthens the idea that 
the switching mechanism decreases with increasing de fjeld strength 
as expected., 
Up until now the model has been discussed mainly in. terms of the 
loss component of the polarization. Recalling the equation expressing 
the dependence of the :real part of the diel~ctric constant upon 
frequency 
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ko = k o + k o [1 = a ln(f /f )] , i S 0 
it is now easier to understand this behavior on the basis of the model. 
Because of its logarithmic nature, it seems reasonable that the term 
on the right 9 representing the frequency dependent part 9 can be inter"' 
preted as a contribution due to the domain wall motion. Mathematical 
verification of this point~ however 9 is difficult since the real part 
of the dielectric constant is representative of the real part P of the 
n 
total polarization aad the part of P which is due to domain wall motion 
n 
alone can~ot be uniquely ascertained. Qualitatively this idea is conQ 
sistent with the model which·assures us that as the frequency increases 
(1) the domain wall motion loss angle increases and (2) the magnitude 
of P decreaseso Both of these effects lead to a decrease of P (and 
s n 
hence of k 0 ). 
Thus far no mention has been made of the antiferroelectric sample 
observations. However, comparing the results of k~ versus fas depicted 
in Figure 11~ there at first appears to be a basic inconsistency in 
that the antiferroelectric materials also obey an equation of the form 
ko = k, 0 + k O [1 = a ln(f /f )1 • 
1 S · 0 ~ 
For sample 100 RN which is antiferroelectric at all temperatures, the 
room temperature values of the constants in this equation are: 
k ij = 367 i 
k O = 48 
s 
a= 0.0543. 
The use of k O to designate a dielectric contribution due to switching 
s 
now appears as an unlikely situation, since none should occur in the 
antiferroelectric phase. An antipolar dipole array cannot display any 
dielectric hysteresis. 
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From examination of the slopes of the equivalent conductance curves~ 
however~ :l.t appears as though a hysteresis type loss is presento In fact 
it is possible to calculate a value of P1o 
room temperatures one finds a value of 
2 For 100 HN at 10 cps and 
<>12 2 pl= 9o0 X 10 coul/cm 0 
This is about one=half the value found in the ferroelectric sample, but 
more significant is the fact that a polarization loss of this magnitude 
is still present. Thus assuming that the ferroelectric model and 
mathematical treatment are valid, it appears that perhaps a part of the 
antiferroelectric sample is switc:hingo Since a purely antiferroelectric 
material cannot display domain wall motion~ this implies that both 
ferroelectric and antif~rroelectric phases exist in the polycrystalline 
material!> with the latter phase more dominant. Such an implication is 
not as startling as it may first seem, for the free energies of the two 
phases are quite ©lose and it is ~onceivable that a distribution of 
free energies may exist in the specimeno Further evidence along this 
line lies in the peculiar hysteresis loops that have been observed in 
other samples of the hafnate group near antiferroelectric..,ferroelectric 
transition points (Nl)o These loops are the double hysteresis loops 
normally observed near the transition points superimposed upon a normal 
ferroelectric loop and hence suggesting the coexistence of both phases. 
In retrospect 9 the proposal that both ferroelectric and antiferro= 
electric phases may coexist in these ceramic specimens is based essen= 
ti.ally on the observed abnormal hysteresis loops and the ~.greement of 
the experimantal results for the antiferroelectric samples with the 
model proposed for ferroelectric materials. The fact that the anti= 
ferroelectric changes have the same trend in reduced degree is pro= 
V?~ative but must be interpreted with caution. 
CHAPTER VI 
AREAS FOR FURTHER STUDY 
It is clear from the previous !Considerations that several obvious 
areas for further study exist as well as some areas which are not so 
obvious. A truly definitive experiment which could.be performed to 
validate or possibly disprove the ideas presented here would be most 
desirable but it is stili not at all evident what its nature should 
be. 
Since the model given in this study is essentially that of Sannikov 
(Sl), it would be worthwhile to judge whether or not the experimental 
results obtained for t:he ceramic samples could be fitted to hi& expres.;;I 
sion for susceptibility or to a modification of it. From the practical 
point of view it would also be of importance to fit the results to a 
more complex resonance equivalent circuit th~n that shown in Figure 19. 
This should afford a hint as to what modifications might be necessary 
in Sannikov 0 s susceptibility expression in order to describe the be= 
havior of polycrystalline materials like those employed hereo 
Extension of the frequency range to lower frequencies should show 
a further increase in the dielect:dc constanto Gerson°s conclusion 
that no switching was present in his low frequency measurements was 
based upon the fact that the lead zirconate titanate sample without 
niobia added (to lower the coerejve field)~ showed a larger change in 
dielectric constant over the frequency range than the sample with 
nlopiao Since it would be expected that the sample with the low coer ... 
cive field should provide a better situation for a switching 
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mechanism to take place~ he decided that perhaps he was observing a 
phenomenon related to interfacial polarization. In the model proposed 
herej however, the coercive field is not considered since it is supposed 
that only a small portion of the sample actually partakes in the 
switching process. Thus it seems plausli.ble that Gersonvs results could 
be explained in terms of this model 0 
It would be interesting to extend the upper frequency range for 
several reasonso First, there should be a resonance at a-higher 
frequency as predicted by SannikovGs theory~ and secondly, a band of 
piezoelectric resonance peaks should follow the single peaks shown in 
Figures 16 and 17 for the poled ferroelectric samples. 
A less obvious area for fu~ther study is an investigation of the 
possibility for a separation of loss mechanisms by use of the equiva~ 
lent conductance versus frequency results. For most ferroelectric 
samples used here the hysteresisQtype or switching losses are far more 
dominant than the Joule losses and the flattening in the low frequency 
range of the equivalent conductance curve/was slightly detectable only 
in the antiferroeleetric materials. However one polycrystalline sample 
supplied by Sandia Corporation (but not studied extensively in this 
work) showed interesting characteristics as depicted in Figure 23. The 
composition of this ceramic was Pb(Hf0 •8272zr001128Ti0006 )o3 and it was 
ferroelectric under normal laboratory conditions. As the figure illus~ 
trates, with increasing temperatures the presence of Joule losses is 
more easily detectable, and :i.n fact at the higher temperatures the Joule 
losses dominate. 
Curves of this nature could provide a convenient maans of separating 
the two sorts of loss mechanisms. Although other sorts of loss 
-
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AT VARIOUS TEMPERATURES FOR 
COMPOSITION 
~(Hfo.0212 Zro.1120 Ti0.06) 03 
Figure. 23. Equiv1:1.lent Conduct.an©e Curves Showing the :Presence of 
JOule Lo,isses at High Temperatures · 
meoJlanisms a'X'e neglected (such as frictional losses encountere<l by 
rotating dipoles), this area surely mettts further consideration~ 
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